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Abstract 

We use exact results in a new approach to quantum gravity to study the effect of quan- 
tum loop corrections on the behavior of the metric of space-time near the Schwarzschild 
radius of a massive point particle in the Standard Model. We show that the classical 
conclusion that such a system is a black hole is obviated. Phenomenological implications 
are discussed. 
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The classical theory of general relativity, as formulated by Albert Einstein, has had 
many successes [UEj- It has however so far evaded a complete, direct application of 
quantum mechanics, as all of the accepted treatments of the complete quantum loop 
corrections to Einstein's theory involve recourse to theoretical paradigms 013] that are 
beyond the known phenomenology of the Standard Model ( SM ) [3]. In Ref. jB], we 
have introduced a new approach to quantum gravity in which the apparently bad UV 
behavior of the theory is tamed by dynamical effects - resummation of large higher order 
radiative corrections. This new approach, which does not rely on phenomenologically 
unfounded theoretical paradigms, allows us to compute finite quantum loop effects and 
thus to analyze truly complete quantum effects in Einstein's theory. In this paper, we 
present such an analysis. 

Among the most interesting of the outstanding questions, and there are many, posed 
by Einstein's theory to the quantum theory of point particle fields is the fate of massive 
point particles that are so crucial to the success of the SM. In Einstein's theory, a point par- 
ticle of non-zero rest mass m has a non-zero Schwarzschild radius rs = 2(m/Mpi)(l/Mpi), 
where Mpi, 1.22 x 10 19 GeV, is the Planck mass, so that such a particle should be a black 
hole pQ in the classical solutions of Einstein's theory, unable to communicate "freely" 
with the world outside of its Schwarzschild radius, except for some thermal effects first 
pointed-out by Hawking [7j. Surely, this will not do for the SM phenomenology, where 
it seems these point particles are communicating freely their entire selves in their inter- 
actions with each other. Can our new quantum theory of gravity reconcile this apparent 
contradiction? It this question that we address in what follows. 

We start our analysis by setting up our new approach to quantum gravity. As we 
explain in Ref. jH], we follow the idea of Feynman jHUH] and treat Einstein's theory as a 
point particle field theory in which the metric of space-time undergoes quantum fluctua- 
tions just like any other point particle does. On this view, the Lagrangian density of the 
observable world is 

C ( x ) = ~TT2^9 R + V=gL° 8M (x) (1) 

where R is the curvature scalar, — g is the negative of the determinant of the metric of 
space-time g^, k = v / 87rG/v = y^jMpii where Gn is Newton's constant, and the SM 
Lagrangian density, which is well-known ( see for example, Ref. [EJE]] ) when invariance 
under local Poincare symmetry is not required, is here represented by L SM (x) which 
is readily obtained from the familiar SM Lagrangian density as follows: since d^(j){x) 
is already generally covariant for any scalar field <fi and since the only derivatives of 
the vector fields in the SM Lagrangian density occur in their curls, d^A'l^x) — duA^x), 
which are also already generally covariant, we only need to give a rule for making the 
fermionic terms in usual SM Lagrangian density generally covariant. For this, we introduce 
a differentiable structure with {£, a {x)} as locally inertial coordinates and an attendant 
vierbein field = d^/dx^ with indices that carry the vector representation for the flat 
locally inertial space, a, and for the manifold of space-time, /i, with the identification of 
the space-time base manifold metric as g^ v = e a ^e a v where the flat locally inertial space 
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indices are to be raised and lowered with Minkowski's metric i]^ as usual. Associating 
the usual Dirac gamma matrices {7 a } with the flat locally inertial space at x, we define 
base manifold Dirac gamma matrices by T p (x) = e a ^{x)^ a . Then the spin connection, 
(d^el - d v e b ) + \e hv (d„e a v - d v e b ) + \e ap e h(I (d p e ca - d a e cp ) ef. when there 
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is no torsion, allows us to identify the generally covariant Dirac operator for the SM 
fields by the substitution i jd — > iT{xY (d p + |u; M;) a E 6 a ), where we have S b a = ~ [7 6 ,7 a ] 
everywhere in the SM Lagrangian density. This will generate LF sm {x) from the usual SM 
Lagrangian density L SM (x) as it is given in Refs. jSJ[TU], for example. 

It is well-known that there are many massive point particles in (JTJ. According to 
classical general relativity, they should all be black holes, as we noted above. Are they 
black holes in our new approach to quantum gravity? To study this question, we continue 
to follow Feynman in Ref. [HIE! and treat spin as an inessential complication JTj, as the 
question of whether a point particle with mass is or is not a black hole should not depend 
too severely on whether or not it is spinning. We can come back to a spin-dependent 
analysis elsewhere |12j . 

Thus, we replace L SM {x) in with the simplest case for our question, that of a free 
scalar field , a free physical Higgs field, <f(x), with a rest mass believed [T3] to be less 
than 400 GeV and known to be greater than 114.4 GeV with a 95% CL. We are then led 
to consider the representative model 



<P,»<P,u + 2 m o^ 2 ^ 



(2) 
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Here, tp{x) tP = d pj tp(x), and g pv (x) = r] pi/ + 2nh pu (x) where we follow Feynman and expand 
about Minkowski space so that t] pi/ = diag{l, —1,-1,-1}. Following Feynman, we have 
introduced the notation y^ v = | (y^ + y up — rj pu y p p ) for any tensor y^ 1 . Thus, m is 
the bare mass of our free Higgs field and we set the small tentatively observed [13] value 
of the cosmological constant to zero so that our quantum graviton has zero rest mass. 
The Feynman rules for (J2J) have been essentially worked out by Feynman [HUH], including 
the rule for the famous Feynman-Faddeev-Popov [H1IIS] ghost contribution that must be 
added to it to achieve a unitary theory with the fixing of the gauge ( we use the gauge of 
Feynman in Ref. [S], d fl h up = ), so we do not repeat this material here. We turn instead 
directly to the issue of the effect of quantum loop corrections on the black hole character 
of our massive Higgs field. 



1 Om conventions for raising and lowering indices in the second line of 
Ref. 0. 



arc the same as those in 
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k + q 
(a) 



(b) 



Figure 1: The scalar one-loop contribution to the graviton propagator, q is the 4- 
momentum of the graviton. 

To initiate our approach, let us study the possible one-loop corrections to Newton's 
law that would follow from the matter in (J2J). We will show that these corrections directly 
impact our black hole issue. It is sufficient to calculate the effects of the diagrams in 
Fig. ^on the graviton propagator to see the first quantum loop effect. 

In Ref. jH], we have shown that, while the naive power counting of the graphs gives 
their degree of divergence as +4, YFS jTH] resummation of the soft graviton effects in the 
propagators in Fig. renders the graphs ultra-violet (UV) finite. Indeed, for example, for 
Fig. la, we get without YFS resummation the result 



, where we set k! = k + q and we take for definiteness only fully transverse, traceless 
polarization states of the graviton to be act on £ so that we have dropped the traces from 
its vertices. Clearly, (J3J) has degree of divergence +4. When we take into account the 
resummation as calculated in Ref. the free scalar propagators are improved to their 
YFS-resummed values, 



la 



2 jd'k (k' p h + k' p k,) (k'^K + k' u k,) 

' 2(2tt) 4 {k' 2 -m 2 + ie) (k 2 - m 2 + ie) 



(3) 



(fc) 




(k 2 — m 2 + ie) 



(4) 



, where the virtual graviton function Bg(k) is, for Euclidean momenta, 




(5) 
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so that we get instead of © the result ( here, k — > (ik°, k) by Wick rotation 



2,-/2 . 



lS (?)flP:w = lK 



^ U "'" 2(2vr) 4 (fc' 2 - m 2 + ie) (fc 2 - m 2 + ie) 

(6) 

Evidently, this integral converges; so does that for Fig. lb when we use the improved 
resummed propagators. This means that we have a rigorous quantum loop correction to 
Newton's law from Fig.l which is finite and well defined. 

To see how this result impacts the black hole character of our massive point particle, 
we continue to work in the transverse, traceless space for the graviton self-energy £ 2 and 
we get, to leading order, that the graviton propagator denominator becomes 



q ' 2 

where the transverse, traceless self-energy function E T (g 2 ) follows from eq.© for Fig. la 
and its analog for Fig. lb by the standard methods. For the coefficient of q 4 in E T (g 2 ) 
for \q 2 \ » m 2 we have the result 

_IyjT(2) ^ ° 2 m\ 



2 " 360vrM 2 ; 



for 

"OO 

„3/i i ™\-4-A c a: 



c 2 = / dxx s (l + x)- 4 - XcX = 72.1 (9) 
Jo 

where A c = . When we Fourier transform the inverse of (jJJ) we find the potential 



'pi 



, . GnMiM 2 , _ ar , ( , 

®Newton{r) = (1 - e ° r ) 10 

r 

where a = l/yj — |£ T ( 2 ) ~ 3.9QMpi in an obvious notation, where for definiteness, we set 
m = 120GeV. 

At this point, let us note that the integral in (JHJ) can be represented for our purposes 
by the analytic expression [I2j 

~1 1 1 1 1 lnln ^ 11 n 

2 A c A c In y — hi In -A- 6 

and we used this result to check the numerical result given in @. It is clear that, without 
resummation, we would have A c = and our result in @ would be infinite and, since this 

2 As all physical polarization states are propagated with the same Feynman denominator, any physical 
subspace can be used to determine this denominator. 
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is the coefficient of g 4 in the inverse propagator, no renormalization of the field and of the 
mass could be used to remove such an infinity. In our new approach to quantum gravity, 
this infinity is absent. 

We stress that our result in (jHJ) is gauge invariant, as our approach involves the exact 
re-arrangement of the Feynman series as we explain in Ref. jH] and the original series is 
gauge invariant. Indeed, one can cross check this result by comparing with the pioneering 
work in Ref. where the complete result of the one-loop divergences of our scalar 
field coupled to Einstein's gravity have been computed. This is made possible by the 
following observation. As we just observed, the result which we have obtained would be 
UV divergent without our resummation. Thus, the dominant terms which we are isolating 
in this paper are precisely those that are given in Ref. ^Zj, where we need to make the 
correspondence between the poles in n, the dimension of space-time, at n = 4 calculated 
in Ref. [Ej and the leading log In j-. This we do by setting the result c 2 equal to its value 
when A c = in n dimensions and allowing n — > 4. In this way we find that 

1/(2 - n/2) <-> c 2 . (12) 

This means that, if we look at the limit q 2 — > 0, we get the result that the coefficient of q 4 
in (0) is 3/(2 — n/2) times the coefficient of c 2 on the right-hand side of (jHJ), and this is in 
complete agreement with the result that is implied by eq.(3.40) in Ref. [Uj, for example. 
Of course, the results in Ref. [TZ| are also gauge invariant. 

In the SM, there are now believed to be three massive neutrinos jTH], with masses that 
we estimate at ~ 3 eV, and the remaining members of the known three generations of Dirac 
fermions {e, r, u, d, s, c, b, t}, with masses given by jTH], m e = 0.51 MeV, m M = 0.106 
GeV, m T = 1.78 GeV, m u = 5.1 MeV, m d = 8.9 MeV, m s = 0.17 GeV, m c = 1.3 GeV, 
rrib = 4.5 GeV and m t = 174 GeV, as well as the massive vector bosons W , Z, with 
masses M w = 80.4 GeV, M z — 91.19 GeV. Using the general spin independence of the 
graviton coupling to matter at relatively low momentum transfers, we see that we can 
take the effects of these degrees of freedom into account approximately by counting each 
Dirac fermion as 4 degrees of freedom, each massive vector boson as 3 degrees of freedom 
and remembering that each quark has three colors. Using the result (jllj) for each of the 
massive degrees of freedom in the SM, we see that the effective value of c 2 in the SM is 
approximately 

c 2 , e// = 9.26 x 10 3 (13) 
so that the effective value of a in the SM is 

a eff ^ 0.349M PZ . (14) 

To make direct contact with black hole physics, note that, for r — >• r$, a e //r <C 1 so that 
\2& Newton (r)\ Ml=m /M 2 \ <C 1. This means that in the respective solution for our metric 
of space-time, g 00 = 1 + 2§ Newton (r)\ Ml=m / M 2 remains positive as we pass through the 
Schwarzschild radius. Indeed, it can be shown that this positivity holds to r = 0. Simi- 
larly, g rr remains negative through r$ down to r = 0. To get these results, note that in the 
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relevant regime for r, the smallness of the quantum corrected Newton potential means that 
we can use the linearized Einstein equations for a small spherically symmetric static source 
p(r) which generates <3> NewtonirflM^m/ 'M 2 via the standard Poisson's equation. The usual 
result |2UUT|I2] for the respective metric solution then gives g 00 = l + 2<& Newton {r)\ Ml=m /M 2 
and g rr = — 1 + 2^ Newton (r)\ Ml=m /M 2 which remain respectively time-like and space-like 
to r = 0. 

It follows that the quantum corrections have obviated the classical conclusion that a 
massive point particle is a black hole 0. 

We do not wish to suggest that the value of a e ff given here is complete, as there 
may be as yet unknown massive particles beyond those already discovered. Including 
more particles in the computation of a e ff would make it smaller and hence would not 
change the conclusions of our analysis. For example, in the Minimal Supersymmetric 
Standard Model we expect approximately that a e ff — > -^k a eff- in addition, we point- 
out that, using the correspondence in (J12j) one can also use the results for the complete 
one-loop corrections in Ref. ^7] to the theory treated here to see that the remaining 
interactions at one-loop order not discussed here (vertex corrections, pure gravity self- 
energy corrections, etc. ) also do not increase the value of a e // [21]. We can thus think 
of a e ff as a parameter which is bounded from above by the estimates we give above and 
which should be determined from cosmological and/or other considerations. Further such 
implications will be taken up elsewhere. 
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